Introduction
Positively charged radical cations of the family HC 2 X + (X= F, Cl, Br and I) are prototype systems to study the Renner-Teller effect and spin-orbit interactions in open-shell molecules. Several studies of these cations have been carried out by photoelectron spectroscopy, 1,2 emission, and laser-excitation spectroscopy. [3] [4] [5] [6] HC 2 I in its ground X 1 Σ + electronic state and HC 2 I + in its ground 2 Π electronic state are linear molecules possessing five vibrational modes: ν 1 (C-H stretch), ν 2 (C-C stretch), ν 3 (C-I stretch), ν 4 (C-C-H bend) and ν 5 (C-C-I bend). The first three modes (ν 1 , ν 2 and ν 3 ) have Σ + symmetry and 2 the remaining two (ν 4 and ν 5 ) have Π symmetry. These latter two modes are Renner-Teller-active modes in the ground electronic state of the HC 2 I + cation.
The X + 2 Π ground electronic state of HC 2 I + is formed by ejecting an electron out of one of the p π orbitals centered on the iodine atom. A strong spin-orbit interaction results which splits the ground state into its 2 Π 3/2 and 2 Π 1/2 components by ∼ 0.4 eV. The spin-orbit splitting in the ground state of HC 2 I + is therefore much larger than the fundamental vibrational energies of the Renner-Teller active modes, so that the overall spin-vibronic coupling situation differs from that usually encountered in other molecules subject to both the Renner-Teller effect and spin-orbit coupling. This difference is illustrated qualitatively by the correlation diagram depicted in panel b)
of Fig. 1 , in which the left-hand side corresponds to the "usual" situation for which the spin-orbit splitting is comparable or smaller than the vibrational spacings (adapted from Fig. 8 of Ref. 7 ) and the right-hand side corresponds to the situation encountered in the ground state of HC 2 I + . The two spin-orbit components of the X + ground state of HC 2 I + may therefore be regarded in first approximation as two distinct electronic states with their own vibrational structure.
The Renner-Teller effect can be viewed as a coupling of the orbital and vibrational angular momenta and the spin-orbit coupling as a coupling of the orbital and electron-spin angular momenta. The Renner-Teller effect and the spin-orbit interaction are therefore in competition, and one may expect that the very strong spin-orbit coupling in HC 2 I + largely quenches the observable effects of the Renner-Teller interaction. For this reason, the Renner-Teller effect was not explicitly considered in the previous high-resolution spectroscopic studies of HC 2 I + . 4, 6 The high-resolution photoelectron spectra of HC 2 I presented in this article confirm this qualitative behavior and, in addition, enable the quantification of the hierarchy of interaction strengths encountered in this prototypical radical cation. The emphasis of our study is placed on the analysis of the spin-orbit interaction and on the level structure of the 5 1 level of the 2 Π 3/2 state. Our spectroscopic observation of a weak splitting between the 2 Σ 1/2 and the 2 ∆ 5/2 components of this 5 1 level is analyzed and discussed within the framework of theoretical models of the Renner-Teller effect in triatomic molecules [8] [9] [10] [11] and their extension to linear tetraatomic molecules. [12] [13] [14] [15] 3
Experiment
The PFI-ZEKE photoelectron spectra presented in this study were recorded using two different laser systems. The spectra of the X + 2 Π 3/2 (v = 0) ← X 1 Σ + (v = 0) (referred to as (0 0 0 , Ω = 3 2 ) band in the following) and the X + 2 Π 3/2 (v 5 = 1) ← X 1 Σ + (v = 0) (referred to as (5 1 0 , Ω = 3 2 ) band) transitions were obtained using a photoelectron spectrometer 16 coupled with a narrow-bandwidth (0.008 cm −1 ) vacuum-ultraviolet laser source 17 tunable between 78000 and 78500 cm −1 . The spectra of the X + 2 Π 1/2 (v = 0) ← X 1 Σ + (v = 0) (referred to as (0 0 0 , Ω = 1 2 ) band) and the X + 2 Π 3/2 (v 1 = 1)
2 ) band) transitions in the range of 81500-82000 cm −1 were measured at lower resolution using the tunable VUV laser system described in Ref. 18 (bandwidth 0.3 cm −1 ), primarily to determine the value of the spin-orbit splitting.
Pulses of VUV radiation were generated using two tunable lasers pumped by the second harmonic (532 nm) of a Nd:YAG laser by difference-frequency mixing (2ν UV − ν 2 ) in krypton. The VUV radiation was spatially separated from the fundamental beams of frequencies ν UV and ν 2 using a LiF prism. For the high-resolution experiments, the fundamental beams of frequency ν UV and ν 2 were generated using two pulsed-amplified ring dye lasers resulting in a VUV laser bandwidth of 0.01 cm −1 . The measurements at lower resolution were carried out using two commercial pulsed dye lasers. In both cases, the wavenumberν 1 of the first laser was tripled using two successive BBO crystals and the tripled outputν UV = 3ν 1 was held fixed at the position of the (4p) 6 → (4p) 5 5p[1/2] 0 two-photon resonance of atomic krypton (2ν UV = 94092.87cm −1 ). The VUV wavenumber was scanned by tuning the wavenumberν 2 of the second laser. The absolute calibration of the high-resolution spectra was performed by recording laser-induced-fluorescence spectra of iodine and monitoring the transmission spectrum through several etalons using a small fraction of the output of the second laser (ν 2 ) and by locking the fundamental frequency of the first laser (ν 1 ) to a single hyperfine component of the Doppler-free iodine spectrum. This procedure resulted in an absolute accuracy of 0.02 cm −1 . The spectra recorded at lower resolution with the second laser system were calibrated at an absolute accuracy of 0.5 cm −1 by recording the optogalvanic spectrum of Ne while the frequency of the second laser (ν 2 ) was scanned.
Iodoacetylene was synthesized in two steps. In the first step (see Reaction I in Scheme 1), tributylchlorostannane was reacted with sodium acetylide to tributyl(ethynyl)stannane in diethylether (8h reflux) according to a german patent. 19 In the second step (see Reaction II in Scheme 1), iodoacetylene was formed from tributyl(ethynyl)stannane and I 2 (T = 0 − 10 • C, p = 0.5 − 2 mbar) following a method adapted from Ku et al. 20 To obtain iodoacetylene in pure form, the reaction of tributyl(ethynyl)stannane with iodine was performed in tetraethyleneglycoldimethylether as a high boiling solvent under vacuum conditions, and the product was condensed in a cooling trap and transferred to a lecture bottle. The synthesis, which combines the advantages of good yield, high purity and the possibility to generate a large HC 2 I sample in pure form, is described in more detail in the Supporting Information.
A mixture of ≈ 5% of HC 2 I diluted in argon was introduced in the experiment by means of a supersonic beam emitted by a 25 Hz pulsed valve (General Valve) with reservoir held at a stagnation pressure of 1-1.5 bar. After traversing a skimmer (diameter 0.5 mm), the cold molecular beam crossed the VUV laser at right angles in the photoexcitation region. In the supersonic beam, the population of rotational levels in the X 1 Σ + ground state of HC 2 I approximately corresponded to a thermal distribution at T rot = 5 K. No significant population of excited vibrational levels could be detected.
Pulsed-field-ionization zero-kinetic-energy (PFI-ZEKE) photoelectron spectra 21 of HC 2 I were recorded by monitoring the electrons produced by pulsed-field-ionization of the long-lived high Rydberg states located below the successive ionization thresholds as a function of the VUV wavenumber. To achieve a high-resolution, multipulse electric-field sequences were employed as described Renner-Teller effect and spin-orbit coupling
The Renner-Teller effect and spin-orbit coupling in triatomic molecules. 7 In the absence of spin, the projection of the total angular momentum onto the symmetry axis ishK =h(Λ + l) where Λ is the quantum number associated with the projection of the orbital angular momentum. Here, Λ is defined as a signed quantity, i.e., Λ = ±1 for a Π electronic state. In molecules with a nonzero total electron spin S following a Hund's-case-(a)-type angular-momentum-coupling scheme, the quantum number P associated with the projection of the total vibronic angular momentum on the symmetry axis is given by P = Λ + Σ + l. According to common practice, 7 the vibronic levels are labeled 2S+1 |K| |P| .
Neglecting the effects of spin, the electronic state is degenerate in the linear configuration. The
Renner-Teller effect leads to a removal of the degeneracy when the molecule bends along mode i and the splitting between the two potential curves can be determined using Eq. (1)
6 where V + and V − are the potential energy functions, k +/− and k +/− 4 the quadratic and quartic force constants, respectively, and r the bending coordinate. 7 The values of k + and k − determine the Renner-Teller coupling parameter
The correlation diagram of vibronic energy levels presented in Fig. 1a describes the situation encountered in the 2 Π state of a triatomic molecule of C ∞v point-group symmetry for A ω b (where A is the spin-orbit constant and ω b the harmonic wavenumber of the bending mode), which is the most common situation. 7, 22 On the left-hand side of The diagonal matrix elements of H eff are
where
is an effective spin-orbit-coupling constant which includes the effect of the interaction with the neighboring 2 Σ and 2 ∆ electronic states 9,10 (see also later in this section).
The off-diagonal matrix elements of H eff obeying the selection rule ∆v b = 0 and ∆l b = −∆Λ = 2 (∆K = 0) can be evaluated with Eq. (5)
and those obeying the selection rule ∆v b = ±2 and ∆l b = −∆Λ = 2 (∆K = 0) with Eq. (6)
In Eqs. (5) and (6), ε b represents the Renner-Teller coupling parameter as defined in Eq. (2).
The following additional phenomena can also affect the energy-level structure of 2 Π states of triatomic molecules subject to the Renner-Teller effect:
1. Fermi interactions, 8, 23, 24 which couple bending and stretching levels of the same vibrational symmetry and can lead to strong perturbations when the wavenumber of one of the stretching vibrations is approximately twice as large as the wavenumber of the bending vibration. according to the selection rules ∆K = ±1, ∆Σ = ∓1 and ∆P = 0. The resonances are observable whenever the bending wavenumber closely matches the spin-orbit splitting and can be regarded as being mediated by vibronic interactions involving 2 Σ or 2 ∆ electronic states. 23, 25 They can also be described as a purely relativistic effect. 26 8 3. vibronic interactions with 2 Σ or 2 ∆ electronic states which shift the position of the 2 ∆ vibronic component of the v 5 = 1 level relative to that of the 2 Σ component. 9 The effect of these interactions can be taken into account by including the contribution
to the diagonal elements of H eff . The magnitude of g K decreases with the energy difference between the 2 Π and the 2 Σ or 2 ∆ electronic states. Higher-order anharmonic terms have been derived by Gauyacq and Jungen. 10 The contributions from these terms increase with the bending vibrational quantum number. At our resolution, we do not expect them to be observable in a spectrum of the fundamental of the bending mode ν 5 and therefore we shall not consider them further.
In cases where the spin-orbit-coupling constant is very large, one expects a significant mixing of the 2 Π 1/2 component of the ground state with higher-lying 2 Σ 1/2 states, as for instance in Xe
The 2 Π 3/2 ground-state component, however, is not affected because it has Ω = 3 2 . The 2 Π 1/2 -2 Σ 1/2 mixing induced by the spin-orbit interaction is likely to be the main reason for the differences in the vibrational spacings observed experimentally for the two spin-orbit components of RennerTeller-active molecules subject to strong spin-orbit coupling such as ICN + . 28 To quantify the effects of the competition between the Renner-Teller effect and the spin-orbit coupling, Eqs. (3)- (7) When |A eff | ω b , the spin-orbit splitting ∆ν SO of the 2 Π and the 2 ∆ states deviates from A eff and can be described by the formula
derived by Hougen 8 and extended by Brown 9 and Gauyacq and Jungen 10 to include the vibronic correction for g K = 0 (see Eq. (4)). The term in the square bracket in Eq. (8) (7) to the case of the 
• ∆(v i + v j ) = ±2 (i = 4, 5 and j = 5, 4):
3. adding a second term to the expression (7) describing the coupling to other 2 Σ or 2 ∆ electronic states, which now becomes: 14
The effect of the spin-orbit-coupling constant on the vibronic structure is similar to the triatomic case described above. When |A| (ω 4 , ω 5 ), we find that the spin-orbit splittings of the 2 Π, 
[where 
To model the Renner-Teller effect in HC 2 I + at low energies, we therefore used Eqs. (9)- (10) and included the effects of the vibronic interaction term given by Eq. (11) We also chose to neglect the anharmonicity corrections to the vibronic interaction with the distant 2 Σ and 2 ∆ states which give rise to the terms involving g 22 , 10 in part because we do not expect such terms to be strong in low vibrational levels, and in part because, even if such terms did make a contribution to the observed splittings, they could not have been extracted from a measurement of the v 5 = 1 level.
The large spin-orbit interaction in HC 2 I + (∆ν SO = 3257 cm −1 ) and the small values of ω 5
(≈ 234 cm −1 ) and ε 5 correspond to the limiting case |A| (ω 4 , ω 5 ) discussed above, which implies that the spin-orbit splitting ∆ν SO of the observed levels should be close to A eff .
The rotational structure of the 2 Π 3/2 and 2 ∆ 5/2 (v 5 = 1) levels was assumed to follow the Hund's case (a) expression 8
with K = 1 and 2 for the Π and ∆ states, respectively and A eff ≈ ∆ν SO (see Eq. (12)).
For the rotational structure of the 2 Σ state, we used the Hund's case (c) expression 8
with the same value of the rotational constant B + an Ω -doubling parameter p = 0 cm −1 , corresponding to the situation A B. 7 Experimental results and discussion
The PFI-ZEKE photoelectron spectrum of the (0 0 0 , Ω = To analyze the rotational structure of the PFI-ZEKE photoelectron spectrum we used Eq. (14) for the rotational levels of the ion and the standard expression
for the rotational levels of the neutral, for which precise rotational and centrifugal distortion con- (14) and (15) In the same spectral region, one also expects to observe a band corresponding to the X + 2 Π 3/2 (1 1 ) state of HC 2 I + . Indeed, Fulara et al. 6 have observed a band in the electronic spectrum of HC 2 I + located 3258 cm −1 above the 2 Π 3/2 origin which they attributed to a transition to the 2 Π 3/2 (1 1 )
level. Thus at least two bands may contribute to the He I photoelectron spectra in the vicinity of the upper 2 Π 1/2 component. To clarify the spectral assignments and obtain a precise value of the spin-orbit splitting of the 2 Π ground state of HC 2 I + , the PFI-ZEKE photoelectron spectrum of HC 2 I was recorded in the vicinity of the expected position of the (0 0 0 , Ω = 1/2) band. The experimental spectrum, displayed in Fig. 5 , consists of two main features, a strong one centered at a wavenumber of 81553 cm −1 , and a weaker one centered at 81595 cm −1 . A third very weak band, designated by an asterisk in Fig. 5 was also observed in this region, but its intensity was found to be dependent on the experimental conditions (e.g., nozzle stagnation pressure and Ar:HC 2 I mixing ratio), which strongly suggests that it is either a sequence band or a band of Ar-HC 2 I.
We attribute the stronger band to the (0 0 0 , Ω = 1/2) band and the weaker one to the (1 1 0 , Ω = 
Discussion and conclusions
The analysis of the Renner-Teller effect and spin-orbit coupling in 2 Π states of triatomic and tetraatomic molecules using expressions derived in earlier studies 8, [10] [11] [12] 14, 22, 32 has enabled the distinction of limiting cases characterized by the relative magnitude of the spin-orbit-coupling constant and bending frequencies. When the spin-orbit-coupling constant is much larger than the harmonic frequencies of the Renner-Teller active modes, the Renner-Teller effect is entirely masked and the 2 Σ 1/2 and 2 ∆ 5/2 components of the fundamental bands of these modes become almost degenerate. A residual splitting in the limit |A| → ∞ results from vibronic interaction with electronic state of 2 Σ and 2 ∆ symmetry. When the spin-orbit-coupling constant is much smaller than the harmonic frequencies, the Renner-Teller effect leads to a reduction of the spin-orbit splittings, which can be expressed by analytical formulae (see Eq. (12)). When the spin-orbit-coupling constant is comparable to the vibrational frequencies strong perturbations of the energy level structure can arise whenever |A eff | = 2ω b for triatomic molecules, and |A eff | = 2ω 5 , |A eff | = 2ω 4 and
The measurement and analysis of the partially rotationally resolved PFI-ZEKE photoelectron spectra of HC 2 I has provided new spectroscopic informations on the X + 2 Π ground state of HC 2 I + .
HC 2 I + is confirmed to be a linear molecule in its X + 2 Π ground state. The ground electronic state X + 2 Π of HC 2 I + corresponds to the first limiting case for which |A eff | (ω 4 , ω 5 ). The large spin-orbit interaction leads to a splitting of 3257 (1) is attributed to a vibronic interaction with excited electronic states of 2 Σ + symmetry.
The vibronic energy structure and molecular constants of the HC 2 I + ground state derived from 18 our PFI-ZEKE photoelectron spectra are summarized in Table 1 . These results are compatible with earlier results derived from He I photoelectron spectra and optical spectra. 1, 3, 6 Though large (3257 cm −1 ), the spin-orbit splitting in the X 2 Π ground state is significantly smaller than in HI + (|A| = 5404 cm −1 33 ) and CH 3 I + (|A| = 5053 cm −1 34 ) where it corresponds closely to the I atomic value (a = 2 3 (E(I 2 P 1/2 ) − E(I 2 P 3/2 )) = 5069 cm −1 35 ). In the case of CH 3 I + , the atomiclike value of the spin-orbit-coupling constant was interpreted as being indicative of an almost complete localization of the positive charge on the I atom (p x,y electron hole), and was accounted for quantitatively in the realm of two-state charge-transfer model for cations of the family CH 3 X + (X=F, Cl, Br and I). 36 Applying the same model to cations of the HC 2 X + family, the adiabatic ionization energies and spin-orbit splittings can be derived from the 2 × 2 matrix
where E I (X) is the center of gravity of the 2 P 3/2 and 2 P 1/2 ionization thresholds of the halogen atom, E I (HC 2 H) is the vertical ionization threshold of acetylene (HC 2 H) and V X is the interaction potential. The eigenvalues of the matrix give the energetic positions of the X + 2 Π ground state (E − ) and the A + 2 Π first excited state (E + ) of the HC 2 X + cation with respect to the X 1 Σ + ground state of the neutral molecule. The corresponding eigenfunctions are
with c 2 X + c 2 HC 2 H = 1. The two parameters (c 2 X and c 2 HC 2 H ) determine the iodine and CC-triple-bond character of the electron hole in the HC 2 I + cation, respectively. The spin-orbit-coupling constant can be expressed as c 2 X · a X , with a X being the atomic spin-orbit-coupling constant of the halogen atom X.
The values of V X were determined by comparing the eigenvalues of Eq. (17) with the vertical ionization energies of the X + 2 Π ← X 1 Σ + and A + 2 Π ← X 1 Σ + transitions of HC 2 X (X= F, Cl, Br and I), determined as the center of gravity of the spin-orbit components in the photoelectron spectra 1,3 in a procedure illustrated in Fig. 6 . In this figure, the two eigenvalues of Eq. (17) calculated with the known values of E I (X) [37] [38] [39] and E I (HC 2 H) 40 are plotted as a function of V X .
The optimal values of V X correspond to the values at which the eigenvalues of Eq. (17) match the positions of the vertical ionization energies of the X + ← X and A + ← X bands. The input data used for this analysis and its results are summarized in Table 2 . For HC 2 I + , the results imply that 29% of the positive charge is transferred to the C ≡ C − H part of the molecule and that, consequently, the spin-orbit-coupling constant in the X + ground state should be only 71% of the atomic value, i.e., 3599 cm −1 . The reduction of the spin-orbit-coupling constant in HC 2 I + from its atomic value is therefore not caused by the Renner-Teller effect but by charge transfer. In this simple model, the orbital hole can be regarded as being of mixed p x,y (I) and C ≡ C π orbital character, which in turn provides explanations for the increase in the rotational constant upon ionization and for the many rotational branches observed in the photoelectron spectrum.
While extending the two-state charge-transfer model we had used to account for the spin-orbit splittings in the X 2 E ground state of the CH 3 I + cations to HC 2 I + cation, we noticed that our procedure is similar in spirit to the model called ZDO-MO used by Haink et al. to account for the main features of the He I photoelectron spectrum of HC 2 X molecules. 1 The behavior observed in HC 2 X + and CH 3 X + (X= F, Cl, Br and I) suggest that the spin-orbit splittings observed in the ground electronic states of radical cations of the type RX + are a direct measure of the extent of charge transfer between the halogen and the hydrocarbon rest R.b) 3298 (1) 3258(2) -- Table 2 : Ionization energies (E I /(hc) in cm −1 ) and spin-orbit splittings (∆ν SO in cm −1 ) corresponding to the lowest two 2 Π states of HC 2 X + (X=F, Cl, Br and I), and parameters (E I,X /(hc), E I,C 2 H 2 /(hc), V X and A X , all in cm −1 ) used to calculate them using a two-state charge-transfer model. Figure 7 : graphic for the TOC entry.
